INTRODUCTION
The recent advances that led to the bio-improved geomaterial being introduced are summarised in the review by Dejong et al. (2013) . Similar bio-inspired processes have been introduced in other research fields and industrial applications such as those for crack remediation in concrete elements (Jonkers et al., 2010) . For geotechnical applications, one such process is the microbially induced calcite precipitation (MICP) which has at its base the biologically driven urea hydrolysis [equation (1)]. The release of bicarbonate anions in a calcium-rich environment induces mineralisation of calcite crystals [equation (2)]. These crystals fill the interstitial space among particles of granular soils, ultimately leading to improved mechanical properties Van Paassen (2009) reported values of increasing unconfined compressive strength (UCS) and peak shear strength for drained and undrained conditions when the calcite content increased, establishing a trend between the precipitated mass and the expected range of shear resistance. Recently, Montoya & DeJong (2015) have shown that calcite contents in the range of 1% (w/w) -characterised as moderate cementation -lead to an increase in shear strength with respect to the untreated material in a loose state. Al Qabany & Soga (2013) reported an increasing UCS for increasing dry density because of the presence of calcite crystals. The results obtained in the latter work attempt to highlight the role of chemical factors in the geometrical and spatial distribution of crystals and associate this role with the engineering properties of the material. Somewhat surprisingly, for the larger crystals observed after injection of 1 mol/l (M) of calcium chloride (CaCl 2 ), no increase in UCS was reported for any calcite content. Indeed, these samples were reported not to exhibit homogenous cementation with the cemented volume limited to the vicinity of the injection point.
Other recent studies (Whiffin et al., 2007; Al Qabany et al., 2012; Al Qabany & Soga, 2013; Martinez et al., 2013) have attempted to capture the effect of the treatment conditions on the overall treatment process efficiency. Cheng et al. (2013) introduced a simple way for performing injections by allowing reactants to flow into columns by surface percolation. Results have shown significant variation of the obtained UCS values for samples of the same calcite content. Calcite was found to be more efficiently distributed and lead to an increased UCS for conditions where the soil is partially saturated with reactant solutions during treatment. This is attributed to the menisci that form around the grains and maintain the reactants -and thus the precipitated nuclei -around the crucial grain-to-grain contact points. Fauriel & Laloui (2012) implemented a theoretical model to capture the performance of bio-improved soils by extending the constitutive concept that was developed for aggregated soils by Koliji et al. (2012) to account for the effects of bonding and density change. Numerical studies (Wang & Leung, 2008; Evans et al., 2015; Jiang et al., 2014) that implemented the discrete-element method also aimed at predicting the behaviour of cemented soils by reproducing the packing structure composed of soil and bonding particles, where the position and arrangement of the latter ultimately affect the distribution of the interparticle forces.
This study aims to further improve the understanding of microstructural characteristics of the new porous structure and to highlight the effect of the preparation method on the obtained mechanical response. A preliminary hypothesis adopted herein is that higher concentrations of calcium chloride and urea result in higher calcium and carbonate ion activity product (IAP); therefore, more ions are available for the calcium carbonate (CaCO 3 ) crystals to develop their structure and planes and grow in size. In addition, a second hypothesis is that precipitated nuclei compete for space and upon the introduction of fresh ions they further grow in size. Thus, the final number and size of calcite crystals is expected to reflect this mechanism in this study.
EXPERIMENTAL DETAILS
Bacteria and sample preparation Sporosarcina pasteurii (strain designation: ATCC 11859) was grown under sterile conditions according to the protocol provided by the supplier (ATCC medium: 1376). The culture was monitored by imaging with an optical microscope to verify that no contamination had occurred and to determine the cell size at harvest time. Bacteria were grown to an optical density of 0·65, which was measured at a wavelength of 600 nm (OD 600 ). This biomass concentration was attained after 30 h of incubation and corresponded to a cell concentration of~1 × 10 8 colony-forming units per ml (cfu/ml). For this considered biomass concentration, urea was found to hydrolyse more than 95%. This parameter was quantified indirectly by measuring the ammonium (NH 4 + ) ion concentration (a byproduct of urea hydrolysis) with ion chromatography.
Experiments were performed by injection of the bacterial culture and reactant solutions into plastic columns packed with sand grains (Fig. 1) . Sand was prepared into columns following 10-layer dry compaction to a density equal to 1600 kg/m 3 . The characteristics of the sand (Itterbeck Smals, the Netherlands) adopted for the treatment are shown in Table 1 .
Prior to injection into the column, the bacterial culture was centrifuged twice at 4000g to harvest the vegetative cells from the growth medium where nutrients are consumed. Cells are subsequently resuspended in one of the two solutions shown in Table 2 . Suspending bacteria cells in F1 allow for hydrolysis to take place before introducing calcium. The increased salinity of solution F2 enhances the adsorption of microorganisms on sand grains inside the column (Torkzaban et al., 2008) .
Subsequently, urea-calcium chloride solutions are injected following the treatment patterns presented in Table 3 . Both injections in pulses and continuous recirculation are tested. The volume of injected pulses was 1·2 times the pore volume, which was estimated at 180 ml. By injecting excess volume with respect to the total pore volume of the sample, full saturation with fresh medium Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution was ensured and the composition of both the effluent that corresponded to the retained solution from the previous batch and the volume in excess of the capacity of the column could be analysed. All solutions were injected at a flow rate of 5 ml/min using a peristaltic pump (MasterFlex L/S, model 7518-10). The solutions, except for urea and calcium chloride, include 3 g/l nutrient broth and 10 g/l ammonium chloride (NH 4 Cl). The chemical and nutrient components were mixed with water supplied from the conventional urban network without being autoclaved. This is a principal difference with respect to previous works and is considered to lead to a decreased overall cost and preparation time.
The spatial distribution of the precipitated mass of calcite inside the bio-cemented column was decided upon acid Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution D 4373-14 (ASTM, 2008) ] for samples taken from 22 points in total from the same section of the cemented column. The obtained results were validated using total inorganic carbon analysis (Solid Sample Combustion Unit, Shimadzu) to verify that the content measured through acid digestion is not due to the presence of organic matter.
Monitoring the treatment process Analyses were systematically carried out to estimate the calcium concentration of the effluent using inductively coupled plasma optical emission spectroscopy. This technique is based on the excitation and emission of photons from atoms, which produces electromagnetic waves at certain lengths (Xiandeng & Bradley, 2000) . The intensity of the obtained spectral emission corresponds to the concentration of specific elements within the sample. The efficiency (E) of the calcium carbonate precipitation is expressed as
where Ca 2þ eff is the calcium concentration in the effluent (mg/l) and Ca 2þ inj is the injected calcium concentration (mg/l).
Undrained shear
Three samples of the same calcite content, cemented according to the treatment pattern TP3, were cored from the cemented columns to produce specimens of 100 mm in height and 50 mm in diameter. The samples were subjected to undrained shear at three different confining pressures (100-400-500 kPa) at a constant deformation rate equal to 0·040 mm/min using a Triaxial Testing System (8 kN load frame, GDS Instruments). Another two samples were subjected to undrained shear. One was cemented at a calcium carbonate content of 2·5% (w/w) following TP3 and the other one following TP2.
RESULTS

Evolution of precipitation and process efficiency
Observations obtained using scanning electron microscopy (SEM) focused on the morphology of the precipitates and their evolution as a function of the injections. Attached bacteria colonies on sand grains act as nucleation sites inducing the precipitation of metastable spherical particles (Figs 2(a) and 2(b) ). The calcite nuclei grow in size because of the rearrangement of Ca 2+ and CO 3 2− ions from their positions in the metastable phase to form their final lattice in calcite. Figures 2(c) and 2(d) illustrate this transition mechanism with SEM images taken for crystals formed in the effluent after applying the treatment pattern TP1. In this case, crystals are formed immediately upon the introduction of calcium-rich pulses following the initial suspension of bacteria in the urea-rich solution F1. This pattern is found to induce clogging of the pores in the vicinity of the injection point due to immediate reaction. However, this treatment is useful for the observation of phase transition mechanisms, Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution which suggest that a reaction period should be allowed for the formation of calcite particles. Figure 3 (a) presents the efficiency for the case of pulse injections. Higher completion rates were observed when allowing over 12 h of reaction between pulses. For the case of continuously recirculating 1 litre of reactant solution, the reaction needs 9 h to consume most of the calcium. The use of tap water and non-autoclaved reactant solutions is found not to affect the overall efficiency which reaches over 80%. This finding simplifies the preparation of specimens at the laboratory scale. The sample obtained after using TP5 was not homogeneously cemented with a calcium carbonate content of 14% in the first 30 mm, in the vicinity of the injection point. For this reason, it was not subjected to mechanical loading. However, the process efficiency in this case and its fabric characteristics is presented in Figs 3(b) and 5, respectively.
The distribution of the calcite mass is obtained and presented in Fig. 4 as discussed in the experimental details. The shaded area refers to the dimensions of the samples cored for triaxial testing. TP3 (Fig. 4(a) ) is found to result in a more even distribution of calcite with respect to TP1 (Fig. 4(b) ) and TP4 (Fig. 4(c) ). For TP1 the periphery of the column is heavily cemented which is attributed to the use of loading solution F1, while for TP4 lower calcite contents were measured for the same total mass of reactants introduced.
Microstructural fabric characteristics
An interesting finding is that two predominant distinct forms of precipitates are observed: one of single particles and one of mesocrystals -that is, aggregates of single crystals. The use of 0·25 M calcium chloride induces the formation of single crystals of the same average size. Particles of the same size form the mesocrystals (arrows in Fig. 5(b) ). Authors adopt the hypothesis that crystals grow further in size upon the introduction of fresh reactants around a given calcification centre as shown in Fig. 5(d) , where concentric expansion of crystals is observed. For pulses of 0·5 M calcium chloride, the crystals appear larger (Fig. 6 ) both as single particles and in mesocrystal formations compared with the form of the precipitates observed in Fig. 5 . The observed mesocrystals are found to reproduce similar geometry and planes with their neighbouring single particles (inlets in Figs 6(a) and 6(b) ). A first conclusion is that there is a spatial variation of the IAP which results into a variation of the supersaturation state and that the crystals that precipitate in a considered subspace of the porous material tend to reproduce identical crystallographic characteristics. The nucleation and growth of calcium carbonate occur in supersaturated conditions -that is, when the saturation index (Ω), defined as the ratio of IAP over the calcite solubility product (Ksp), reaches values >1.
Continuous recirculation, after employing TP5, did not yield the precipitation of single crystals (Fig. 7) . This result may be attributed to the constant supersaturation state which implies that the already formulated crystals are continuously provided with fresh ions at a constant rate. This allows them to grow further in size without exhibiting specific crystallographic orientations.
Mechanical response under undrained triaxial shear test
The treated samples were cored from the calcified columns according to the treatment patterns TP2 (one sample; Fig. 8 ) and TP3 (four samples; Figs 9 and 10). Even though an improved unloading-reloading Young's modulus (E ur ) can be derived after the test shown in Fig. 8 , the sample does not exhibit homogeneous cementation. This inhomogeneity results in the captured failure mode where a cemented block of soil remains intact during and after shearing (Figs 8(b) and 8(c) ). This example illustrates that even for an inhomogeneous calcite distribution an improved stiffness can be captured. Local inhomogeneities are considered as a crucial source of uncertainty and could possibly lead to wrong conclusions; therefore, the response of bio-treated samples produced at laboratory conditions needs to be associated with the internal distribution of the calcite mass. Untreated, e 0 = e min = 0·56
Treated, e 0 = 0·47, CaCO 3 = 8·5%
(b) (c) Fig. 10 . Undrained triaxial shear for three identical samples cemented following the treatment pattern TP3: (a) location of the peak strength envelope in the q-p′ plane for the bio-treated samples with respect to that of the untreated sample; (b) failure mode at ε 1 = 5% and (c) a triaxial specimen cored from the cemented column Figure 9 presents the mechanical response of a weakly cemented sample (2·5% calcium carbonate w/w) compared with that of an untreated sample prepared at an equivalent void ratio. The authors avoid using the terms 'dense' and 'loose' for expressing the state of the tested samples. Comparing the pre-and post-treatment state of the soil requires the initial void ratio to be the same.
The three samples obtained after following TP3 had a void ratio equal to 0·47. A shear plane is clearly developed (Fig. 10(c) ) after failure and the sample is no more continuous, thus yielding is considered when the peak strength is reached. Plotting the peak strength envelope in the q-p′ plane allows estimating the improvement in terms of angle of internal friction and cohesion as shown in Fig. 10 and Table 4 .
CONCLUSIONS
This paper presented the effect of treatment conditions on the fabric characteristics of bio-improved sand for various treatment patterns and addressed the mechanical response for three typical cases of samples obtained during laboratory experimentation with MICP. Improved mechanical properties are obtained. Microstructural observations are presented to provide an understanding of the post-treatment structural state of the geomaterial. Crystals are found to precipitate in two forms: smaller single particles and mesocrystals. The size and geometrical arrangement of the precipitated calcite is found to depend on the initial concentration of reactants. This result is particularly important for understanding the underlying mechanisms that govern the structure of biocemented soils. Extensive knowledge of the microstructure allows one to account for these properties in constitutive modelling and numerical simulations, where the nature and amount of cementing particles intimately affect the response. Finally, for samples cemented at the laboratory scale, the authors suggest that the calcite distribution and morphology are crucial parameters and should be accounted when associating the obtained mechanical response with the precipitated calcium carbonate mass. The effect of these parameters is currently under consideration by the authors in order to further support the findings of this study. To discuss this paper, please email up to 500 words to the editor at journals@ice.org.uk. Your contribution will be forwarded to the author(s) for a reply and, if considered appropriate by the editorial panel, will be published as a discussion.
